Abstract: A series of N-aryl-β-alanine derivatives and diazobenzenesulfonamides containing aliphatic rings were designed, synthesized, and their binding to carbonic anhydrases (CA) I, II, VI, VII, XII, and XIII was studied by the fluorescent thermal shift assay and isothermal titration calorimetry. The results showed that 4-substituted diazobenzenesulfonamides were more potent CA binders than N-aryl-β-alanine derivatives. Most of the N-aryl-β-alanine derivatives showed better affinity for CA II while diazobenzenesulfonamides possessed
Introduction
Since the discovery of the antibacterial activity of protonsil in 1932 [1] , a wide array of aryl-and heteroarylsulfonamides exhibiting a variety of biological activities including antibacterial, antimicrobial, antifungal, anti-HIV, antihelmintic, anti-inflammatory, phytotoxic, cytotoxic, and radiosensitizing properties has been synthesized [2] [3] [4] [5] [6] [7] . Most of such compounds were secondary sulfonamides. The primary sulfonamides, however, are well known as carbonic anhydrase (CA) inhibitors that are clinically used as antiglaucoma agents, antiephileptic and antiobesity drugs, as well as diuretics [8] [9] [10] [11] . There are 15 CA isoforms, out of which 12 are catalytically active in the human body and several of them are highly over-expressed in various diseases [12] [13] [14] . Currently used drugs inhibit most of these isoforms with insufficient selectivity, thus causing numerous side effects. The design of isoform-selective CA inhibitors could lead to drugs with fewer side effects compared to the currently used ones [13] .
Benzenesulfonamides are the most extensively investigated class of CA inhibitors. Several excellent reviews on CA inhibitors [15] [16] [17] have discussed the main structural features of such compounds revealing that substituents at the para-position of benzenesulfonamides (halogens, acetamido, alkoxycarbonyl moieties, carboxy-, hydrazido-, ureido-, thioureido-, as well as methylamine moieties) are related with good CA-inhibitory properties. To date many CA II-benzenesulfonamide inhibitor crystal structures show similarities in their interaction modes, with the sulfonamide group involved in the coordination of the Zn 2+ catalytic ion while the phenyl ring establishes several van der Waals interactions with the residues Gln92, Val121, Phe131, Leu198, and Thr200. The substituents on the benzenesulfonamide ring form additional contacts with the hydrophobic and/or the hydrophilic region of the active site, thus contributing favorably to the binding affinity and selectivity.
Novel design of drugs containing benzenesulfonamide scaffolds is often based on the "tail" strategy [17, 18] , which consists of attaching moieties that provide the desired physico-chemical properties to the sulfonamides possessing free amino groups. The orientation of the tail moiety, the nature of the spacers between the head and the tail moieties, and the presence of polar groups in the tail, strongly influence the potency and selectivity of benzenesulfonamides for the inhibition of CA isoforms [19] .
Many benzenesulfonamides were synthesized using sulfanilamide as a starting compound leading to N-4-mono-substituted or 4-N,N-disubstituted derivatives (such compounds were reviewed in [20] ). Here we report the synthesis of new N-aryl-β-alanine derivatives containing a primary sulfonamide moiety. We investigated these compounds as inhibitors of six carbonic anhydrase isoforms: CA I, II, VI, VII, XII, and XIII.
Triazenes have been extensively studied as agents displaying antitumor activity [21, 22] . Several 3,3-dialkyltriazenes bearing sulfonamide groups on the benzene ring were synthesized by Afghani [23] and tested in vivo for antitumor activity against mouse lymphoid leukemia, showing no activity.
However these compounds were never tested as CAs inhibitors. We synthesized a series of 4-substituted diazobenzenesulfonamides with cyclic amines (pyrrolidine, piperidine, morpholine, and hexamethyleneimine) of various ring sizes as well as with aliphatic amines (dimethylamine and diethylamine) as described by Dabbagh [24] and measured their binding affinity for CA I, II, VI, VII, XII, and XIII, concluding that 4-substituted diazobenzenesulfonamides exhibited significantly higher binding affinity toward tested CAs than N-aryl-β-alanine derivatives.
Results and Discussion

Chemistry
Diethyl 4-aminophenylsulfonylcarbonimidodithioate (2) was synthesized from 4-aminobenzene-1-sulfonamide (1) by treating it with carbon disulfide and then with ethyl iodide [25] (Scheme 1). N-Substituted-β-alanine 3 [26] was obtained in the reaction of 1 with acrylic acid in aqueous solution in the presence of a catalytic amount of hydroquinone, whereas the reaction of 2 with acrylic acid in a mixture of toluene and acetic acid provided 3-[(4-{[bis(ethylthio)-methylene]sulfamoyl}phenyl) amino]propanoic acid (4). N-Aryl-β-alanines and their esters, upon treatment with carbamide or potassium/sodium thiocyanates in acidic medium, form the N-substituted ureido and thioureido acids which undergo facile cyclization to the corresponding hexahydropyrimidine derivatives [27, 28] . Thus, β-alanine 3 was transformed to 4-(2,4-dioxo-1,3-diazinan-1-yl)benzene-1-sulfonamide (5) and the corresponding thio analogue 6. The formation of dihydropyrimidinedione and dihydropyrimidinonethione rings in compounds 5 and 6 has been determined by the presence of the NH group proton singlets at 10.52 ppm for the oxo derivatives and 11.42 ppm for the thio derivatives in the corresponding 1 H-NMR spectra. Carboxyhydrazides are convenient precursors for the synthesis of heterocyclic compounds [27] [28] [29] [30] [31] [32] . In the reaction with hydrazine, carboxylic acid esters form hydrazides much easier than acids themselves. Therefore, acid 3 was first converted to ester 7 by heating under reflux in methanol and then the hydrazinolysis reaction of 7 provided 4-{[(2-hydrazinecarbonyl)ethyl]amino}benzene-1-sulfonamide (8) (Scheme 2). Heating of acid 3 under reflux with thiosemicarbazide in dioxane in the presence of piperidine or refluxing of ester 7 with thiosemicarbazide gave N-(carbamothioylamino)-3-[(4-sulfamoylphenyl)amino]propanamide (9) . The latter was cyclized to 4-{[2-(5-amino-1,3,4-thiadiazol-2-yl)ethyl]amino}benzene-1-sulfonamide (10) under the action of conc. H2SO4 at room temperature [30, 31] . Compound 10 was also prepared directly from β-alanine 3 by treating it with thiosemicarbazide in sulfuric acid at room temperature followed by the stirring of the reaction mixture at 70 °C. Singlets of the NHNH group protons, characteristic of semicarbazide 9, observed at 8.67 and 9.10 ppm, are absent in the 1 H-NMR spectrum of 10 where the resonance of SCNH2 group protons is at 7.28 ppm, whereas the protons of CSNH2 group gave broad singlet at 4.48 ppm in the 1 H-NMR spectrum for 9. The reaction of hydrazide 8 with monocarbonyl compounds provided the corresponding hydrazones (Scheme 3). Thus, the hydrazones 11−13 were synthesized in its reactions with acetone, acetophenone and benzophenone, whereas reactions with the substituted benzenecarbaldehydes provided the corresponding benzylidene derivatives 14−17. The presence of the amide group determines the splitting of resonances in C-NMR spectra of 11−17 do not reveal the existence of geometrical isomers. Therefore, it has been concluded that in DMSO-d6 solution these compounds exist as a mixture of E/Z isomers, where the Z isomer predominates because of hindered rotation around the CO-NH bond. Five-membered heterocylic compounds are synthesized from acid hydrazides and aliphatic diketones [29] . Thus, (20) and its thio analogue 21 (Scheme 4). Depending on the reaction medium, triazoles or oxadiazoles/thiadiazoles can be formed in the cyclization reaction of semicarbazides. Thus, heating under reflux of semicarbazide (20) H-NMR spectrum of 24, a singlet attributed to a NH proton in oxadiazole-2-thione moiety is observed at 13.76 ppm. 2-Thioxo-2,3-dihydro-3,4-oxadiazoles in reactions with alkyl halides form S-alkyl derivatives [32] . Thus, 4-({2-[5-(ethylsulfanyl)-1,3,4-oxadiazol-2-yl]ethyl}-amino)benzene-1-sulfonamide (25) was synthesized from oxadiazole-2-thione 24 under treatment with iodoethane under alkaline conditions. In the 1 H-NMR spectrum of the S-substituted derivative 25, the singlet of the NH group proton in the heterocyclic moiety is absent in comparison with the spectrum of 24 (13.76 ppm) , whereas resonances of the CH3CH2 group protons are observed at 1.38 ppm and 3.22 ppm, respectively. 
Binding Studies
The synthesized compounds could be arranged into two groups. The first group of compounds is the N-aryl-β-alanine derivatives containing the primary sulfonamide group 3-25 (except in the compound 4 which is a tertiary sulfonamide) and the second group of compounds-diazobenzenesulfonamides 26-33. Compounds such as benzenesulfonamide (BSA) and acetazolamide (AZM) were used as controls. The binding affinity of these compounds to six CA isoforms I, II, VI, VII, XII, and XIII was determined by the fluorescent thermal shift assay (FTSA) and confirmed for two key compounds 18 and 31 by the isothermal titration calorimetry (ITC). The dissociation constants (Kd) of these compounds for the six CA isoforms are listed in Table 1 .
Most N-aryl-β-alanine derivatives 3-25 were weak inhibitors of all tested CAs exhibiting the Kd higher than 1 µM. Only three compounds 5, 6, and 18 exhibited the Kd for CA II of 0.83, 0.67, and 0.67 µM, respectively. In most cases, the Kd for any CA isoform were in the comparable ranges as for BSA and sulfanilamide (SA). For example, only two compounds 6 and 18 bound CA I with more than four times stronger Kd (1.11 and 1.67 µM, respectively) than BSA (7.14 µM). For other N-aryl-β-alanine derivatives, the Kd for CA I were in the range of 5.88-170 µM. Only compound 10 bound CA I 1.7 times more weakly than the SA (Kd were 170 and 100 µM, respectively). Our binding data for SA are quite different from the data reported in [33, 34] . The previously reported inhibition constant Ki for CA I was reported to be 25 µM, for CA II-0.24 µM, for CA VI-0.9 µM, for CA VII-0.07 µM, for CA XII-0.037 µM, and for CA XIII-0.035 µM. However, Murakami and Sly [35] showed that SA was less effective inhibitor of CA I, II, and VI (Ki was 50, 2.0, and 9.9 µM, respectively). Their inhibition constants were more comparable with our Kd values for CA I, II, and VI and differed 2 times for CA I, 6.5 times for CA II and 5.7 times for CA VI. These discrepancies between inhibition and binding data could be attributed to the different conditions used in assays (i.e., temperature and pH). ND-not determined due to the limited solubility of the compound; a-entire compound structure, not the R group; b-compound synthesis and binding data described in [36] ; c-data taken from [37] .
Most N-aryl-β-alanine derivatives bound to CA II with higher affinities than to other tested CAs. Interestingly, compound 4, bearing the tertiary sulfonamide group, bound only to CA II (Kd = 40 µM). Compound 20 showed better binding potency to CA XII (Kd 1.85 µM) than for other isoforms.
The diazobenzenesulfonamides 26-32 were significantly more potent CA inhibitors than N-aryl-β-alanine derivatives, especially for CA I and XIII. The increase in binding affinity for CA I and CA XIII was evident with increasing the tail hydrophobicity from dimethylamine group in compound 26 to hexamethyleneimine in 31 (16.7 and 18 times stronger in Kd for CA I and XIII, respectively). The Kd for CA II, VII, and XII did not significantly depend on the hydrophobicity of substituent, whereas such hydrophobic substitutions did not entirely affect the binding affinity to CA VI (Kd were in the range of 10.0-14.3 µM for compounds 26-31). Compounds 27, 30, and 31 demonstrated some selectivity for CA I with respect to other isoforms (affinities between at least two isoforms differed at least four-fold). For example, 30 bound to CA I 9.4 times stronger than to CA II, 1500 times stronger than to CA VI, 18 times stronger than to CA VII, 115 times stronger than to CA XII, and 10 times stronger than to CA XIII.
The influence of the diazo group on the binding affinity could be seen comparing the binding data for compounds 32 (bearing the diazo group) and 34 (without the diazo group). As seen in Table 1 stronger in the presence than in the absence of the diazo group. However, the influence was negligible for other CAs. . The experiments were performed at 37 °C in 50 mM phosphate buffer (pH 7.0), 100 mM NaCl and 2% DMSO.
Similar comparison concludes that the presence of amino group diminished the affinity of a compound for CAs. For example, SA bound 5-10 times more weakly than the BSA. Similarly, compound 33 bearing the amino group bound 2-12 times more weakly than compound 32 bearing the hydroxy group.
Crystallography
The crystal structures of compounds 31 and 18 bound in the active site of recombinant CA II were solved by X-ray crystallography. Both ligands are well defined in the crystal structures. The difference electron density maps of the compounds calculated from the models omitting the ligand are shown in Figure 3a ,b. Benzene rings of 18 and 31 in CA II coincide well with the position of benzenesulfonamide (PDB ID 2WEJ) [39] as shown in Figure 3c . Benzene rings of both ligands make van der Waals contacts with Val121, Leu198, and Thr200. The para-substituents of both compounds are fixed between Pro202 and Phe131. Similar orientation was observed for para-substituted [(2-pyrimidinylthio)acetyl]-benzenesulfonamides described in [36] . Thus, para-groups are located in the CA II active site in mostly hydrophobic environment and contact the residues Phe131, Val135, Leu198, Pro202, and Leu204. The azepane group in para-position of 31 is more hydrophobic than of 18 and this probably improves the binding of 31 to CA II as compared to 18 ( Table 1 ). The crystallographic data collection statistics and the PDB IDs are listed in Table 2 . 
Experimental Section
General Information
The melting points were determined on a MEL-TEMP (Electrothermal, A Bibby Scientific Company, Burlington, NJ, USA) melting point apparatus and are uncorrected. C-NMR. Mass spectra were obtained either on a Waters (Micromass, Milford, MA, USA) ZQ 2000 Spectrometer using ESI (20 eV) ionization or on Bruker maXis UHR-TOF mass spectrometer (Bruker Daltonics, Bremen, Germany) with ESI negative ionization. Samples were introduced using a Waters Acquity UPLC system. Methanol was used as an eluent for sample introduction. The capillary voltage was maintained at +4000 V with the end plate offset at −500 V. Nitrogen was used as the drying and nebulizing gases at a flow rate of 10.0 L/min and a pressure of 2.0 bar, respectively. Elemental analyses (C, H, N) were performed on an Elemental Analyzer CE-440 (Exeter Analytical, Inc., North Chelmsford, MA, USA). The reaction course and purity of the synthesized compounds was monitored by TLC using aluminium plates precoated with silica gel 60 F254 (MerckKGaA, Darmstadt, Germany). Synthesis starting reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA) and Fluka (Buchs, Switzerland).
Chemistry
Diethyl 4-Aminophenylsulfonylcarbonimidodithioate (2): 4-Aminobenzene-1-sulfonamide (1, 17.2 g, 0.1 mol) was dissolved in DMSO (50 mL), the solution was cooled down to 0 °C and 30% aqueous NaOH solution (10 mL) was added. The mixture was cooled to 0 °C and stirred at this temperature for 20 min. Afterwards, CS2 (6 mL, 0.1 mol) was added dropwise and the stirring was continued for 20 min at 0 °C. 30% aqueous NaOH solution (10 mL) was added again, the mixture was stirred for 20 min and CS2 (6 mL, 0.1 mol) was added dropwise again. Temperature of the reaction mixture was raised to room temperature and it was stirred for 1 h. Ethyl iodide (16 mL, 0.2 mol) was added dropwise and the reaction mixture was kept at room temperature for 3 h. Afterwards, it was poured into ice-cold water (200 mL) and conc. HCl was added to pH 2. The precipitate was filtered off and recrystallized from ethanol. Yield 27.4 g (90%); mp 147-148 °C; 
3-[(4-Sulfamoylphenyl)amino]propanoic Acid (3):
A mixture of sulfonamide 1 (4.3 g, 25 mmol), water (25 mL), acrylic acid (2 mL, 29 mmol) and catalytic amount of hydroquinone was heated under reflux for 6 h. The reaction mixture was cooled to room temperature, the precipitate formed was filtered off and recrystallized from propan-2-ol. (4) : A mixture of sulfonamide 2 (3.04 g, 10 mmol), acrylic acid (1.7 mL, 25 mmol), toluene (15 mL) and glacial acetic acid (5 mL) was heated under reflux for 20 h. After solvent evaporation, the residue was dissolved in 10% aqueous NaOH solution (20 mL) and extracted with ethyl ether (2 × 20 mL). The aqueous solution was acidified with acetic acid to pH 5. The precipitate was filtered off and recrystallized from water. Yield 1.54 g (41%); mp 162-163 °C; 
3-[(4-{[Bis(ethylthio)methylene]sulfamoyl}phenyl)amino]propanoic Acid
4-(2,4-Dioxo-1,3-diazinan-1-yl)benzene-1-sulfonamide (5):
A mixture of acid 3 (1.69 g, 4.5 mmol), carbamide (2.51 g, 42 mmol) and acetic acid (25 mL) was heated under reflux for 16 h. Afterwards, conc. HCl was added to pH 3 and the mixture was heated under reflux for additional 4 h. The reaction mixture was neutralized with 10% aqueous Na2CO3 solution, the precipitate was filtered off and recrystallized from methanol. Yield 0.65 g (54%); mp 256-257° C; (6) : A mixture of acid 3 (2.44 g, 10 mmol), potassium thiocyanate (2.42 g, 25 mmol) and acetic acid (15 mL) was heated under reflux for 16 h. Afterwards, conc. HCl was added to pH 2 and the mixture was heated under reflux for additional 4 h. The work-up procedure was analogous to the one for 5. Yield 1.60 g (56%); mp 217-218 °C; (7): A mixture of acid 3 (6.1 g, 25 mmol), methanol (20 mL) and conc. H2SO4 (0.3 mL) was heated under reflux for 18 h. After solvent evaporation, water (25 mL) was added to the residue and the obtained solution was neutralized with 10% aqueous Na2CO3 solution to pH 8-9. The precipitate was filtered off and recrystallized from propan-2-ol. Yield 6.1 g (94%); mp 76-77 °C; (9) (10): Method A. Semicarbazide 9 (1.59 g, 5 mmol) was dissolved in conc. H2SO4 (12 mL) at 5 °C and the mixture was stirred at room temperature for 15 h. Afterwards, the reaction mixture was poured into ice-cold water (100 mL) and ammonia was added to pH 8−9. Precipitate was filtered off and recrystallized from propan-2-ol. Yield 0.51 g (34%). Method B. Acid 3 (1.22 g, 5 mmol) was dissolved in conc. H2SO4 (7 mL), the mixture was cooled down to room temperature, thiosemicarbazide (0.46 g, 5 mmol) was added and the reaction mixture was stirred at 70 °C for 3 h. Afterwards, the reaction mixture was poured onto grinded ice (300 mL) and neutralized with ammonia to pH 8−9. Precipitate was filtered off and recrystallized from propan-2-ol. Yield 0.42 g (28%); mp 208-209 °C; 
4-(4-Oxo-2-sulfanylidene-1,3-diazinan-1-yl)benzene-1-sulfonamide
Methyl-3-[(4-sulfamoylphenyl)amino]propanoate
N-(Carbamothioylamino)-3-[(4-sulfamoylphenyl)amino]propanamide
4-{[2-(5-Amino-1,3,4-thiadiazol-2-yl)ethyl]amino}benzene-1-sulfonamide
General Procedure for Synthesis of Hydrazones 11-13
A mixture of hydrazide 8 (0.62 g, 2.4 mmol) and ketone (3 mmol) in methanol (15 mL) was heated under reflux for 4 h. Precipitate was filtered off and recrystallized from appropriate solvent. 
4-{[2-(N'-
General Procedure for Synthesis of Hydrazones 14-17
A mixture of hydrazide 8 (0.26 g, 1 mmol), and benzenecarbaldehyde (1.2 mmol) in propan-2-ol (15 mL) was heated under reflux for 3 h. Precipitate was filtered off and recrystallized from propan-2-ol. ( N-(2,5-Dimethyl-1H-pyrol-1-yl)-3-[4-(sulfamoylphenyl)amino] propanamide (19) : A mixture of hydrazide 8 (0.65 g, 2.5 mmol), 2,5-hexanedione (0.57 g, 5 mmol), propan-2-ol (10 mL) and acetic acid (0.5 mL) was heated under reflux until precipitate formed (approx. 10 min). Precipitate was filtered off and recrystallized from propan-2-ol. Yield 0.60 g (71%); mp 182-183 °C; (24) : To a solution of KOH (0.22 g, 4 mmol) in water (2 mL), ethanol (7 mL) was added and CS2 (0.36 mL, 6 mmol) was added dropwise. The mixture was stirred at room temperature for 15 min. Next, hydrazide 8 (1.03 g, 4 mmol) dissolved in hot 80% ethanol (30 mL) was added and the mixture was heated under reflux for 20 h. After solvent evaporation, the residue was dissolved in water (20 mL) and conc. HCl was added to pH 3-4. Precipitate was filtered off and recrystallized from propan-2-ol. Yield 0.74 g (62%); mp 132-133 °C; Compounds 26-33 were synthesized according to the procedure described previously [23, 24] and the compound masses were confirmed by ESI-MS to be as theoretically calculated. The synthesis of compound 34 is described in [39] . 4Q6E) are presented in Table 2 . Graphic representations of crystal structures are prepared with MOLSCRIPT [53] , RASTER3D [54] , and BOBSCRIPT [55] .
4-[(2-{N'-[(4-Bromphenyl
4-{[2-(N′-{[4-Dimethylamino)phenyl)methylidene}]hydrazinecarbonyl)ethyl]amino}-benzene-1-sulfonamide
4-({2-[
4-{[2-(5-Sulfanylidene-4,5-dihydro-1,3,4-oxadiazol-2-yl)ethyl]amino}benzene-1-sulfonamide
Conclusions
A series of N-aryl-β-alanine and diazobenzenesulfonamides were synthesized and tested as binders of CA isozymes I, II, VI, VII, the catalytic domain of XII, and XIII. The most potent diazobenzenesulfonamides, possessing hexamethylimine and piperidine groups (compounds 30 and 31) , displayed nanomolar binding affinity toward CA I. The X-ray crystallographic cocrystal structures of compounds 18 and 31 bound to CA II showed that the location of the benzene ring did not depend on the para-substituent. The more hydrophobic para-substituent of inhibitor 31 improved the binding properties due to additional hydrophobic interactions.
